Recently, a nonaqueous fractionation method of obtaining highly purified mesophyll chloroplasts from maize leaves was established. This method is now used to determine adenine nucleotide levels, the redox states of the NADP system, Pi levels and dihydroxyacetone phosphate/ 3-phosphoglycerate ratios in mesophyll chloroplasts of Zea mays L.
'Abbreviations: PPDK, pyruvate,Pi dikinase; AdN, adenine nucleotide; AEC, adenylate energy charge; EAdN, sum of AMP, ADP, and ATP; CF,, chloroplast coupling factor 1; DHAP, dihydroxyacetone phosphate; K, mass action ratio for adenylate kinase; K', equilibrium constant of 3-phosphoglycerate reducing system; MDH, malate dehydrogenase; PEP, phosphoenolpyruvate; PGA, 3-phosphoglycerate; R, mass action ratio for 3-phosphoglycerate reducing system; UDPG, UDP-glucose. drogenase and NADP-MDH, respectively. The status of AdN and NADP(H) in situ in C3 mesophyll chloroplasts has been investigated extensively (9, 10, 16, 18, 24, 36, 37, 43) . Their levels in maize mesophyll chloroplasts should be under different control because of the different ways in which they are utilized, although there are no studies in this respect in situ. Also, the status of AdN and NADP(H) under different light intensities is a matter of interest to elucidate the regulatory mechanism of light activation of PPDK and NADP-MDH in situ (7, 1 1). The state of activation of PPDK and NADP-MDH under different light intensities is subject to regulation (7, 1 1 (29) or ADP concentration (6) may be responsible for the regulation of PPDK activity, and that NADP concentration and the status of the thioredoxin redox state may be crucial for the regulation of NADP-MDH (4, 11, 31, 34) . However, the means of regulation in situ is not yet clear. Recently, a nonaqueous fractionation method was remarkably improved allowing the isolation of highly purified mesophyll chloroplasts from maize leaves (39) . Consequently, determination of the levels of AdN and NADP(H) and so forth in maize mesophyll chloroplasts in situ is possible. The purpose of this study is to measure the changes in the levels of AdN, NADP(H), Pi, DHAP, and PGA in mesophyll chloroplasts of maize leaves under different light intensities, to compare AdN and NADP(H) pools in maize mesophyll chloroplasts with those reported in C3 plants, and also to assess the role of AdN and NADP(H) in situ in the light activation of PPDK and NADP-MDH activity, respectively.
MATERIALS AND METHODS
Plant Material. Zea mays L. (cv Chuseishu-B) was grown in a controlled growth chamber (Conviron SIOH, Winnipeg, Canada) with a 14-h light /10-h dark period, with day/night temperatures of 27°C/2 1°C. The light intensity was 250 to 500 ,uE * m-2 e s-'. The temperature and the light intensity increased and decreased gradually. Light was provided by a combination of fluorescent and incandescent lamps. Leaves from the seventh and eighth position from the bottom of the plants about 5 weeks of age were used in the experiments.
Freeze-Drying of the Leaf. Plants were transferred into a laboratory from the growth chamber after 3:00 PM when starch had already accumulated in the bundle sheath chloroplasts. The accumulation of starch in bundle sheath chloroplasts is essential for purification of mesophyll chloroplasts from bundle sheath chloroplasts by the nonaqueous method. Attached leaves were kept for at least 30 min under different light intensities at 28°C to attain steady state photosynthesis. While still being exposed to different light intensities, the leaves were plunged into liquid N2 to arrest metabolism. They were subsequently homogenized and freeze-dried as previously described (39) . The lyophilized leaf material was stored at -80°C until use.
Nonaqueous Purification of Mesophyll Chloroplasts. Highly purified mesophyll chloroplasts were obtained by nonaqueous fractionation in a fraction with density between 1.25 and 1.29 as previously described (39) .
Assay of Enzyme Activities. Marker enzymes, NADP-MDH, PEP carboxylase, and NADP-ME, were extracted from the mesophyll chloroplasts fraction and assayed as previously described (39) . Other enzymes assayed were UDPG pyrophosphorylase and hydroxypyruvate reductase (40), a-mannosidase (14) , and Cyt c oxidase (20) .
Assays of NADP-MDH and PPDK activities in the leaves under different light intensities were done with the lyophilized material as previously described (41) .
Measurements of Metabolites, AdN, NADP(H), and Pi. DHAP and PGA (38) , NADP (28) , and Pi (33) were determined and AdN (35) was measured by HPLC after extraction of the dried mesophyll chloroplast fraction into 3% HC104. NADPH was measured after extraction of the material in 0.1 N NaOH at 100°C for 2 min (28) . The concentrations of substrates in maize mesophyll chloroplasts were estimated assuming that 60% of the Chl in maize leaves is in the mesophyll chloroplasts with a stromal volume of 25 gL .mg-' Chl.
Chl Determination. The Chl content in leaves was measured by the method of Arnon (1) . Part of the Chl was extracted during nonaqueous fractionation. Thus, Chl content in nonaqueously fractionated mesophyll chloroplast fractions were estimated by comparing NADP-MDH activity in the fraction to that in whole lyophilized leaf material as previously described (39) , and assuming that 60% of the Chl of maize leaves is in mesophyll chloroplasts.
RESUL1S AND DISCUSSION
Nonaqueous Fractionation of Mesophyll Chloroplasts. Mesophyll chloroplasts were obtained in a fraction with a density between 1.25 and 1.29 as previously described (39) . Contamination by mesophyll and bundle sheath cytoplasm (estimated by the activity of PEP carboxylase and UDPG pyrophosphorylase; for the validity of using UDPG pyrophosphorylase to estimate contamination of bundle sheath cytoplasm, see Ref. 39) and by bundle sheath chloroplasts (estimated by the activity of NADPmalic enzyme) in this fraction was negligible ( Table I ). The contamination ofthe nonaqueous mesophyll chloroplast fraction with vacuolar material (estimated by the activity of a-mannosidase), peroxisomal material (estimated by the activity of hydroxypyruvate reductase), and mitochondrial material (estimated by the activity of Cyt c oxidase) was about 10 to 20% (Table I) . Although it is clear that the mesophyll chloroplast fractions were slightly contaminated by vacuolar, mitochondrial, and peroxisomal material, the contaminations were minimal and, for instance, the amount of AdN in the mitochondria was reported to be about 20% of that in the chloroplasts in wheat leaf protoplasts (36 Figure  1 . The amount of 2AdN in maize mesophyll chloroplasts was 34.4 ± 3.7 nmol-mg-' mesophyll Chl (n = 12). The concentra- (43), wheat (36) , and oat leaves (16) . The ATP level was higher in the light than in the dark. ADP and AMP levels were lower in the light than in the dark. In the dark the ATP/ADP ratio was 1 and increased to about 2.5 at 75 ,AE m-2 s' which is only about 4% of full sunlight. The highest ATP/ADP ratio obtained was about 4 under a light intensity of 1,300 ,uE-m-2.s'. These ATP/ADP ratios in the light and dark were comparable to those reported with C3 chloroplasts (0.5-1.1 in the dark and 1.6-3.1 in the light) (9, 10, 16, 19, 24, 36, 37, 43) .
The adenylate energy charge was 0.61 in the dark and 0.74 to 0.88 in the light. In C3 chloroplasts in situ, the AEC was 0.55 to 0.61 in the dark and 0.71 to 0.81 in the light (16, 36) . The mass action ratio of adenylate kinase was 0.600 ± 0.100 (n = 12) (Table II) . This value can be taken as evidence that maize mesophyll stromal adenine nucleotides are in equilibrium with adenylate kinase, for which a value of 0.5 is usually cited (16, 36) and a value of 0.75 has been recently reported for maize adenylate kinase (5). It has also been shown that stromal adenine nucleotides in C3 chloroplasts were in equilibrium through adenylate kinase under various conditions (16, 24, 36) .
NADP(H) Levels and DHAP/PGA Ratios in Maize Mesophyll Chloroplasts under Different Light Intensities. Changes in the levels of NADP(H) and the DHAP/PGA ratio in maize mesophyll chloroplasts under different light intensities are shown in Figure 2 . The total amount of NADP(H) was 7.4 and 12.1 ± 2.3 nmol.mg-' mesophyll Chl (n = 10) in the dark and in the light, respectively. The NADP(H) concentration in the maize mesophyll chloroplasts was estimated to be about 0.3 and 0.48 ± 0.09 mm in the dark and the light, respectively. The higher level of NADP(H) in the light than in the dark may be due to the light dependent conversion of NAD to NADP by NAD kinase. The total amount of NADP(H) obtained in the light in this study was about twice that reported with aqueously isolated maize mesophyll chloroplasts (31) , and slightly lower than those (14-24 nmol mg-' Chl) reported for spinach chloroplasts (37) . In the dark, the NADPH/NADP ratio was 0.1 to 0.18 and this ratio increased to 0.23 to 0.48 in the light. With nonaqueously isolated C3 chloroplasts, the NADPH/NADP ratio, under at- (9, 19) . The concentration of DHAP in the dark was almost nil, as previously reported (38) . The PGA level in the dark was about 40 nmol mg-' mesophyll Chl. The DHAP/PGA ratio in the dark was almost zero and was about 0.4 to 1.8 in the light (Fig.  2) .
Mass Action Ratio (R) of the PGA Reducing System. The mass action ratio, R of the PGA reducing system, including Pi levels in maize mesophyll chloroplasts, are shown in Table III .
The Pi concentration in maize mesophyll chloroplasts was estimated to be about 20 mm in the dark and 10 to 17 mM in the light (Table III) . These values were similar to or slightly higher than those reported with aqueously isolated C3 chloroplasts (about 20 mm in the dark and 6 mm in the light) (27) .
The equilibrium constant of the PGA reducing system, K', is 7.25 x l0-7 (37). The mass action ratio, R of the PGA reducing system in maize mesophyll chloroplasts in the light, was calculated to be (7.24 ± 1.57) x 10-7, assuming that stromal pH in the light is 8.1. The R was very close to the equilibrium constant of the PGA reducing system. This indicates that the PGA reducing system in maize mesophyll chloroplasts is under thermodynamic equilibrium even when photosynthetic flux is large. However, in the dark, where the flux of PGA to DHAP would be low, R was one order of magnitude higher than the thermodynamic equilibrium constant, assuming that stromal pH in the dark is 7.4 (Table III) . The (Fig. 1) , (c) the mass action ratio of the PGA redu'cing system in maize mesophyll chloroplasts in the light is very close to its thermodynamic equilibrium (Table III) and also (d) [Pi] , [ 40 to 170 (M-') in the light. The assimilatory force increased as photosynthesis increased at higher light intensity (Fig. 3) . These values of 40 to 170 (M-') in the light are comparable to those of 60 to 150 (M-') reported in nonaqueously isolated chloroplasts from spinach leaves (10), and they are far below the values of 30,000 to 80,000 (M-') (18) obtained with broken chloroplasts.
As Heber et al. (18) indicated that the maximum force can develop when it is not used for work, and when photosynthesis proceeds, the force produced by light remains low as work is done.
The ratio of DHAP/PGA in maize mesophyll chloroplasts also increased with increasing light intensities (Fig. 2) as the photo- synthesis rate increased (cf Fig. 3 ). This increased ratio of DHAP/PGA is required to sustain a high photosynthesis rate when increased flux of PGA to DHAP and elevated concentration of DHAP in maize mesophyll chloroplasts are needed to maintain an increased gradient of DHAP between mesophyll and bundle sheath cells. Notably, the ratio of DHAP/PGA in maize mesophyll chloroplasts in the light was substantially higher than that of 0.06 to 0.25 reported in C3 mesophyll chloroplasts (9, 10, 15) . Assimilatory force in maize mesophyll chloroplasts increased with increasing light intensity, whereas in C3 mesophyll chloroplasts the assimilatory force decreased with increasing light intensity (10, 18) . These differences between C4 and C3 mesophyll chloroplasts could be due to differences in their functions.
PPDK and NADP-MDH Activity in Maize Leaves under Different Light Intensities. PPDK and NADP-MDH activity increased with increasing light intensity. The light intensity required for saturation for full activation ofthese enzymes was 800 ,uE m-2 s-' (Fig. 4) . These results were consistent with earlier reports (7, 11, 31, 41, 42 Figure 5 . No correlation between PPDK activity and any AdN status has been established so far (Fig. 5) . The (Fig. 7) . This could cause conversion of inactive to active PPDK when light intensity is increased. It was shown that ADP stimulates inactivation of PPDK and inhibits activation of PPDK in vitro (6) . Thus, a possible explanation for the regulation of PPDK activity under different light intensities is that increasing flux of light causes decreased thermodynamically active ADP concentration in the stroma which regulates PPDK activity. Actual estimation of the concentration of thermodynamically active ADP is necessary for comparison with the Km of 52 lsM ADP for inactivation of PPDK in vitro (6) . If an ADP level of 300 ,M in mesophyll chloroplasts (Fig. 1) under 1,300 , Figure 4 . ADP level, ATP/ADP ratio, and AEC were the mean of two determinations (Fig. 1) . When n = 6, significance at the 5% level occurred at values of 0.8114. NS, no significant correlation at the 5% level. Figure 4 . NADP(H) levels and NADPH/NADP ratios were the mean of two determinations (Fig. 2 ). *, P < 0.05. PPDK is fully activated (Fig. 4) is all thermodynamically active, it seems it would be impossible to activate PPDK fully. This further suggests that a substantial amount of the ADP is not thermodynamically active.
The pyruvate concentration in maize mesophyll chloroplasts was estimated to be 2.1 mm under 50 to 60 ME m2 s-' (39) and 0.34 mm in the dark (H. Uusuda unpublished observations). In vitro, pyruvate concentrations greater than mm have been found to completely inhibit the inactivation through phosphorylation (5). The mechanism ofsubstantial inactivation of PPDK under low light intensity (Fig. 4) in the presence of pyruvate which is shown to be enough to prevent inactivation of PPDK thoroughly in vitro is not clear.
An in vitro study has indicated that an adenylate energy charge of 0.88 seems to be insufficient for full activation of PPDK (5, 29) . At an adenylate energy charge of 0.9, the rate of inactivation of PPDK was about 40% of the Vmax and the rate of PPDK activation was about 27% of the V,,,dA (29) . Whether adenylate energy charge has the same effect in situ as is found in the diluted (26) and an enzyme activity of 1,300 gmol -mg-'
mesophyll Chl with maize mesophyll protoplasts (25) . This enzyme is also localized in the cytoplasm, so this is the maximum estimate.
enzyme system, remains to be elucidated. Increased knowldege of the character of the PPDK regulatory protein is also very important to elucidate the regulation of PPDK activity under different light intensities.
There is a correlation between NADP-MDH activity and NADP(H) content or NADPH/NADP ratio (Fig. 6 ). These results are unlike previous results with an isolated spinach chloroplasts system (34) , or a reconstituted system with maize NADP-MDH (4), where NADP-MDH activity was more strongly related to NADP(H) status. With NADPH, 30% of total NADPH + NADP (which was attained under high light intensity), the NADP-MDH activity was not inhibited (Fig. 6 ) but its activity was inhibited by 70 to 85% in the previous studies (3, 34 between the present result and two previous results will be discussed later.
For the regulation of interconversion of active and inactive NADP-MDH under different light intensities, similar consideration on binding by proteins are possible as the total binding concentration of NADP(H) of the proteins in maize mesophyll chloroplasts (0.4 mM) (Table V) is comparable to their total concentration of NADP(H) (0.3 mm in the dark and 0.48 ± 0.09 mM in the light, Fig. 2 ) and also a dissociation constant of 5.1 x 10-' M for NADP and ferredoxin-NADP+-oxidoreductase is known (13) . If the flux of electrons through ferredoxin-NADP+-oxidoreductase increased, resulting in an increased probability ofNADP(H) being bound by ferredoxin-NADP+-oxidoreductase and not thermodynamically active with increasing light intensity, then it is possible that the thermodynamically active NADP concentration in the stroma would decrease, keeping the ratio of thermodynamically active NADPH/NADP the same as the ratio of total (or measured) NADPH/NADP. Thus, changes in the thermodynamically active NADP could be larger than those in the total NADP which had a relatively weak correlation with changes in NADP-MDH activity (Fig. 6) . It has been demonstrated that a very low concentration of NADP (Kd = 3 MM) inhibits thioredoxin-mediated NADP-MDH activation, and NADPH weakly reverses this inhibition (4, 34) . An NADP concentration of400 Mm under 1,300 mE-m2.s', where NADP-MDH is almost fully activated, seems to be enough to prevent activation of NADP-MDH completely (4, 34) . This also suggests that a significant amount of NADP is not thermodynamically active in maize mesophyll chloroplasts in the light. Thus, regulation of activation of NADP-MDH could be possible through the smaller thermodynamically active pool of NADP with increasing light intensities. Undoubtedly, the status of the thioredoxin redox state is critical in determining the level of NADP-MDH activation in vivo (4, 11, 31, 34) . However, the flux of electrons through ferredoxin to NADP during photosynthesis is more than three orders of magnitude greater than the maximum flux through ferredoxin to NADP-MDH via thioredoxin (31) . All these results indicate that the thermodynamically active NADP concentration is very crucial for the regulation of NADP-MDH in maize mesophyll chloroplasts. Although inactive NADP-MDH can bind with NADP(H), the concentration of NADP-MDH is one order of magnitude lower than that of ferredoxin-NADP+-oxidoreductase (Table V) 
